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Abstract. We investigated diverse aspects of the interaction regions detected by

four spacecraft that traveled from F;arth to Ju])it,cr  at dif!erent phases of the solar cycle:

I)ionem-  11 (declining phase of cycle 20); Voyagers 1 and 2 (ascending phase of cycle 21);

and Ulysses (just after solar maximum 22). From the analysis of 38 stream interfaces

we found that the interaction regions detected by the three missions have different

?;eometries.  Some of these results mig]it be associated with solar cycle variations such

as the low latitudinal inclination of the interaction regions detected by Ulysses and the

latitudinal tilts of the interaction regions detected by Pioneer 11. Other results, such

as the deviations with respect to the Parker  spiral orientation, seem to be relatecl to

persisting changes in the characteristics of the fast aud slo~v solar ~vinds  causillg  the

interaction regions, WC studied t]le properties of t}le solar willd streams associated with

75 interaction regions. ‘1’he bulk speed distributions of the fast ant] slow streams were

clifferent  in the three missions. We fount] that the pressure ratios (dynamic, thermal,

magllctic)  between fast and S1OW Winds vary continuously.  III fact, in about half of the

interaction regio]ls the dynamic pressure of t]le  S1OW strealn WaS ]Iigher than tile clynamic

pressure of the fast strealn.  ‘J’his implies

many interaction regions the slow stream

that, contrary to the usual assumption, in

transfers momentum to the fast stream. q’he

pressure ratios between a fast a~]d a slow strcall] causing an interaction region can vary

at c]iflerent  locations. T’his  WOUIC1  deform the spiral configuration of the interaction

IeF;ioll.



1. Introduction: Stream Interfaces

l’he distinct boundary separating fast and slow solar wind flows, that is

characterized by an abrupt drop in density, a similar increase in temperature, and it is

associated with a high  pressure region is called  stream interface [Budaga, 19’74]. SZSCOe

et al, [1969] predicted east-west and north-south deflections of solar ~~’ind velocity

close to stream interfaces. These deflections result from the high thermal and magnetic

~Jressures associated with the interface. In the interface reference system: the fast

stream  conies from the west and the slo~v  stream colncs  froln tllc east. so the pressure

acts to deflect the fast stream to the east and the slow stream  to the \vest causing a

strong shear flow (see e.g.. ~Tigure  1 in si~~o~ et al, [l~~g],  ~ig~lr~  ~ in })i~;o [1991]).

Gosling et al. [1976] studied 23 interfaces cletcctcd by 1111’6, 7 and 8 at 1 AU

between 1971 and 1974. They produced a superposed epoch a!lalysis to emphasis the

overall structure of the stream interfaces and reported that: ( 1 ) the behavior of protons.

electrons and alpha particles across the interface sug,gcsts  that it separates plasma of

clistinctly  different origins: (2) there is a strong  shear  flotv  at the  irlterface; (3) tllc

magnetic field strength maximizes near the interface a]ld is rough]y  constant across it;

(4) although their observations were made during the descendin~ phase of solar cycle 20,

the interfaces did not generally recur from one solar rotation to the next.

Figure 1 shows an example of an interaction region detected by Pioneer 11

at 4.3 AU. At the bottom fast solar wind (l+ > 70( I knl/s) overtakes slow wine]

(K <400 knl/s)  causing an interaction region. The stream interface separates the two
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compressed flows and is recognized by: the solar wind shear flow (top panel); the abrupt

drop in density and increase in proton temperature (mid-panel); and the high magnetic

field magnitude (bottom panel).

111 this paper we explore other aspects of stream interfaces. Our study is based

on observations in a different heliocentric range ( 1 to 5 AU) frolll the previous studies

where interfaces and interaction regions are well formed. We colnbinc  observations by

four dif~erent spacecraft that covered the salne heliocentric range at different phases of

the solar cycle. We report findings on: (1) the tllrcc-cli~~lel~sio~lal  geomct  ry of t he strezun

interface; (2) its variation with the solar cycle; and (3) ever-presented dif~erences in

the physical properties of the fast ancl  slow solar wind strealns  causin:  the interaction

regiolls.

1.1. Ulysses Observations of lnteractic)n  Jkgions at Micl-I,atitucles

Ulysses observations have increased interest in the ti~rec-clil~lellsiollal  llelios~)herc.

One of the main results obtained by Ulysses after the Jupiter flyby was tile absence.

from about 28° to 38° south latitucle,  of interplalletary  shocks leacling  interaction regions

and the continuous presence of reverse shocks trailing these interaction regions [ GOS1Z7Z9

et al., 1993; Balogh  et al., 1994;  Piuo and Gosling, 1934; G’on261ez-Esparza et al., 1996].

(ln the basis of the strong latitudinal shear flows of solar wind velocity inside these

interactiol~  regions and the predictions by the three-clill~el)siollal  model of corotating

flows by PZ,ZZO [1982, 1991, 1994], Gosling  et al. [1993] sllggested that this phenomenon

detected by Ulysses during  the descending phase of solar cycle 22 COUIC1 be explained
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if the interaction regions were tilted with respect to the solar rotation axis. ‘1’his  tilt

geometry causes the front of the interaction region to evolve stronger at low latitudes

(C1OSC to the ecliptic plane) whilst the trailing edge evolves stronger at higher latitudes

(see, e.g., Figure 3 in Pizzo [1994], F’igurcs 3 and 4 in Pi.zzo and Gosling [1994]) and

~Jroduccs a st,rong latitudinal shear flow inside the interaction rcgioll.

‘1’lle three-dimellsional model of corotating  flows by }’i.z:o [1 982, 1!391, 1 $)!)]] shows

that two opposite tilted  interaction regions  are formed if: (1) t}lc solar magnetic field

can be approximated to a dipole, and (2) there is a tilt angle  bctwccll  the solar rotation

and magnetic axis (see e.g., Figure 2 in Piz;o  [1994]), ‘1’hcse conditions are only a good

approximation during the descending phase of tile solar cycle [Zhao a71d }Iundhausm.

1 9 8 1 ;  Mihalov. 1990] which coincides  with  Ulysses’  t ra jectory aft,cr tile Jupi te r  f lyby.

In order to corroborate the prcdictiolls of the model. the normals of the corotatillg

shocks detected by Ulysses after the Jtlpitcr  flyby in I ~92 and 1993 (fronl 6°to  38 °soutll

hcliolatitudcs)  had been studied, Burton  e{ al. [1996] used high time resolution

lnagllct ic fielcl  data (1-2 seconds rcsollltioll)  to apply a tccllllicluc  based on magnetic

coplanarity to infer the shock normal dircctio~ls. ‘1 ‘hey found a significant clispcrsion  ill

the latitudinal orientation of the forward and reverse interplanetary shocks  (Figure 6

in Durton ei al. [1 996]). However, the distribution was qualitatively consistent with

the 3-D model of corotating  flows. Riley et al, [] 996] prcscnt,cd  a detailed analysis of

the corotating  shocks based on solar wind plasma data. ‘1’hey used solar wind velocity

data (4-8 minutes time resolution) to apply a tcchniquc  based on velocity coplanarity to

ixlfer  the shock normal directions. Note that to apply velocity coplanarity, it is assumed
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necessarily that the shock is almost parallel (OIJ,, = 0°) or perpendicular (dB,, ~ 90°),

however, the OB,, distribution

Jupiter flyby shows that most

(20° < fl~,,, < 70°) (Figure 11

of the corotating  shocks detected by

of these shocks were quasi-parallel or

Ulysses after the

quasi-perpendicular

in Gon.zdlez-Esparzu.  et al. [1996]). The results found

by Riley et al. [1996] show tha t on the whole, the forwarcl corotating  shocks were

~Jro~mgating  equatoward  and westward, while the reverse corotating  shocks were stronger

and propagating poleward and eastward as expected.

‘l’he variations in the pattern of solar wind stream streams [Gosling et al., 1976;

G’onzdlw-h’sparza  and Smith, 1996] and

al., 1981 ] and neutral sheet [Iloeksemaj

the evolution of coronal holes [Hmdhausen  et

1986] through the solar sunspot cycle suggest

that interaction regions should have a difl’erent geometry and characteristics at different

phases of the cycle. In this study we investigate the orientation of the interaction

regions, however, instead  of apPIYillg l{allkille-~I~lgolliot  relations to infer the normals of

the shocks leading and trailing  tile interaction regions, we will use a different ap~)roach.

We will analyze t,hc shear flows of solar wi~ld velocity at tile illterface based on a

variation of the prillcipa]  axis analysis tE:cllI-}iqlle.  ‘J’lle convenience and limitations of

this technique are discussed in section 2.1.

1.2. Solar CyCIC Variations: Piollcer,  Voyager, and UlySSCS from 1 to 5 AU

~on.zdlez-~;sparza.  and Smith [1996] (heleafter  paper 1 ) unified and compared the

in-ecliptic observations of large-scale solar wine] dynamics by Pioneers 10 and 11,

Voyagers 1 and 2, and Ulysses from 1 to 5 A(J. The three  nlissions  covered the same



7

heliocentric range at different phases of the. solar cycle: Pioneer (descending phase

cycle 20); Voyager (ascending phase cycle 21); and Ulysses (post-maximum cycle 22)

(see Figure 1 in paper 1), continual  variations  in the solar wind dynamics were detected

by the three missions: changes in the pattern of solar wine] streams produce persisting

transitions from periods dominated by interaction regions to periods dominated by

transient events and viceversa. ‘1 ‘here were also differences and similarities bct~vccn

the shock population and int,craction  regions detected by the three missions. Some

illtcrestillg  questions arise from the previous study: }IOJV different are the  interaction

regions detected bv Pioneer, Voyager, and Lllysscs? lIOW CIO the continual changes.

of solar wind streams affect the properties of the intcractioll  rc,gio~ls? IIo\v do the

characteristics and orientation of the interaction regions chan:e ~vith the solar cycle?

2. Geometry of Stream Interfaces

In paper 1 we identified all the int,cract,ioll regions detected by the five spacecraft

from 1 to 5 AU and we plotted then] in Inaps of large-scale features (Figures 3-7 in

paper 1). As expected during the dcscendins;  phase of the cycle, Pioneer 11 cietccted  a

very regular pattern of solar wind streams, mag;netic  sectors and corotating  interaction

regions. 011 the other hand, the other spacecraft observed variable patterns of solar

wind dynamics. By visual inspection WC noted  that the solar wind plasma and magnetic

field profiles of the irlteractioll regions detected by the three  missions were very different.

In this paper  we will colnpare I)ioncer I), Voyagers I all(] 2, and Ulysses observations.

We did not inclLlde  Pioneer 10 observations because we consider that the large number
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(50) and regularity of the interaction regions clctectecl  by Pioneer 11 were a very good

sample of these events at the descending ~Jhase of the cycle. \\Te used solar wind plasma

data(l hour averages) fron~the NSSI)C\vliich  isreadily  avtLilable  fortlle fo~lrs~~acecraft.

'r~listelll~Joral resolution  inadequate  tostLld~'  tllelarge-scale  geo~1letry,  not the local

structure, if the shear flow is well-defi~led  and the int,erfacc  can be approximated by a

tangential discontinuity. Previous studies had used this temporal rmolution  to study

other  large-scale properties of stream interfaces [SZscoe et al., 1 !372; Gosling et al., 1976].

2.1.. Maximum Variance Analysis: Stream lnterfacc lkfemnce  System

Siscoc et al. [1972] analyzed the shear flows of solar Ivind velocity at 6 streams

interfaces detected by Pioneer 6 at 1 AU. Under the assumption that the solar wind

velocity along the interface norlnal directioll was approxinlat  ely constant (i. e., there

was not net flow through the interface), they apl Jlied the IJrincipal  axis analysis to tile

solar wind velocity data surrounding tile interface a~lcl icle~~tified  the minimum variance

direction (the eigenvector associated with the mininlum ei:ellvalue) as the interface

normal. They neglected the effects associated with the latitudi~lal  flows and reported

that  the interfaces were closely oriented alo~]~;  the Parker spiral,

‘.’hcre is a problem in applying tile millimu~n  variance techlliclue to infer tile

interface normal direction. Altho@l,  in Inany cases, the nlaxinlum  variance direction is

well-definecl  along the shear flow velocity ~)ara]lel  to the interface plane, t}le nli~~inlunl

variance direction is ill-defined (any direction orthogonal to the maximum variance

direction, in theory, h~ a zero variallcc). In order to infer a IIlore accurate result and
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to solve this ‘velocity coplanarity problem’, it is necessary to modify the technique by

transforming to the ‘interface reference system’. This method can be sumtnarized  as

follows: (1) We select an interval of solar wi~ld plasma data of a few hours before and

after the interface of at least 8 hours (8 data points)  which corltains  a well-defined

discontinuity and a strong  shear flow. (2) We apply the principal axis analysis to

the solar wind velocity to obtai~l the three eigenvectors (r3,r,~T, fil~,, fi,,,i,,). (3) We

transform the interval of velocity data (7) to t,lle principal axis reference system to

-...—.
obtain  averages values along  the three  eigenvectors (I{,,.z,

-. ..—
~,,~, ~,~i~j). (4) We transform

to tile ‘stream interface reference system’ rotating the principal axis reference system

aloll,g the maximum variance direction  (1.0.0) an an~;le  o =- arctan(V~,l~ / V,,ll,l‘ - ) .  ‘1’he

th~eC! norlnals vectors of the illterfacc!  refere~lce  system are: fi~,,l along  the maximum

variance direction, parallel to the interface plane; fi~ic2 also contaiued  in the interface

plane and orthogona] to fi~i,l (along this component the solar wind velocity has a an

average value about zero); and the interface ~lornlal direction ti~i~ along  which tl)e solar

witlcl  velocity has a]] average value different from zero.

NOL all the i~lteraction  regions contain a well-defined interface. In fact, we COUld

]iot  analyze most of the events. We only applied the technique to those events with a

well-defined discontinuity in plasma  parameters and a strong  shear flow. We did I]ot

analyze interaction regions with data gaps or those containing large amplitude temporal

va,riatio]~s.  ‘1’0 make sure that the nlaxilIl~llll  variance direction  was well-defined, we

used a,s criteria that the maximulll eigenvalue  was at least 5 times larger than the other

two, and we varied the length of the interval to check that the result was stable.
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2,2. Results: Orientations of Interfaces

Voyager 1 detected 17 interaction regions from which we were able to analyze only

4 of thcm. Voyager 2 detected 13 interaction regions from which we were able to analyze

5 of them. Ulysses detected 17 interaction regions from which were able to analyze 9 of

them. Pioneer 11 detected 50 interaction regions from which we were able to analyze

20 of them. Figure 2 shows interface latitudinal inclinations 0,, against heliocentric

distance as deduced fro]n the four spacecraft,. 0$, would be equivalent to the latitudinal

tilt of the interaction region ~vhcre:  d~i > 00 ilnplies  that the front of the il]teraction

region was pointin:  northern. OSZ % 0° implies that the interaction region was not tilted,

and O~i < O“ implies that the front of the interaction region  was pointing southern.

Voyagers (top panels) and Pioneer 11 (bottoln  panel) results show variable 0$,’s with

many interfaces with significant latitudinal tilts. lIowever, lJlysses  results show small d~i

suggesting that its interaction regions were closely perpendicular to the ecliptic plane.

We should keep in mind that the four spacecraf~  detected  llllst,able patterns of solar

wind streanls  (1’igures 2 and 8 in paper  I). q’l~e variances in tl~l detected by Voyagcl-s

and I’ioncer 1 ] arc more likely associat,cd  with these changes of solar wind streams tha~]

with heliocentric effects (Ulysses’ out-of-ecliptic results  show silnilar fluctuations in d~i

(Figure 5 in Riley et al, [1996])).

I?igure 3 shows the O~i distribution histogralns  as detect,ed  by the tliree lnissions.

‘1’here is a clear difference in the latitudinal tilts of the interaction regions detected

by Ulysses and the ones detected by Voyagers and Pioneer 11. Ninety percent of the
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interfaces detected by Ulysses had an absolute latitudinal tilt \O~l  I lesser than 5°; whilst

fifty-five percent of Voyager ancl  Pioneer 11 interfaces had a 10~i I larger than 10°. ‘1’his

result might be associated with the solar cycle. Ulysses observations were made just

after the maximum of cycle 22, when we do not expect polar coronal holes but small

holes at mid-latitudes [Hzmdhuusen et at., 1981]. l~lteraction  regions caused by fast

streams from equatorial coronal holes are not expected to have si,gl~ificant  tilts close

to the ecliptic (see, e.g., Figure 3 ill Siscoe [1976]; Figure 14a in Pizzo [1982]). On tile

other hand, pioneer 11 illteraction  regions are expectecl to have inclinations produced

by the tiltecl solar geometry commented on in section 1.1.

Do the interfaces follow a Parker spiralr! ‘1’o alls~vcr this question \ve compared the

ill-ecliptic longitudinal orientation of the strca~n interface {)~i with its corres~Jondilig

in-ecliptic Parker spiral angle @P~:

@P,(si)  = arctan  (- f2E)R(si) / V,(si))

(where Q:, is the Sun)s cquatoria] m~gular  speed, It(si) is the heliocentric distance. and

V. (si) is the  average solar wind radial  velocity at the interface). Figure 4 snows the

distribution histograms of the angle difference Ad == @~,~ -- @Tl,,, where Ad x 0° means

that the interface was aligned along the Parker spiral, Ad <0° means that, the interface

was more ~azimuthal’  than the Parker spiral, and A~j > 00 means that the interface was

more ‘radial’ than the Parker spiral. Statistically, Voyagers and Ulysses results are very

similar: ill both cases about 67% (6 out of 9) of their interfaces were more azimuthal

than the Parker spiral (A#  ~ – 10°) and about 3370 (3 out of 9) of their interfaces were
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closely oriented along the Parker spiral (1~~1 < 10°). on the other hand, I)ioneer 11

results show a more diverse distribution:

oriented along the Parker spiral (/A~l <

5070 (10 out of 20) of its interfaces were closely

1 O“); 20?Z0 (4 out of 20) of its interfaces were

lnore azimuthal than the Parker spiral (A#  s ---lOO); alld 30~0 (6 out of 20) of its

interfaces were more radial than the I)arker spiral (Ad  ~ 10°). ‘he results from the

three missions show some interfaces with significant deviations from the Parker  spiral

Some of these results can be associated with the variations

the solar wind streams causi~]g interaction regioIls  that we

of the physical properties of

will discuss in sectioll  3.1.

We dicl not find a clear tendency ill Ad as a function of heliocentric distance ill any of

the four spacecraft. In the same ]tray that JVe ~Jointecl  out ill Figure 3, the lollgitudinal

variations Ad seem to be a temporal effect more than a heliocentric evolution.

We could  not analyze ma~ly interfaces due to large temporal fluctuations inside the

illtcraction  regions. Tl)ese temporal fluctuations might be related to difTerellt  causes: (1)

the variability of the physical properties of the fast and the slow solar wind (section 3.1)

might produce some interaction regions nlorf;  unstable  than others; (2) the ex~)ansion  of

the forwarcl  and reverse corotating  shocks 011 the rarefaction  zones traililg and lcacling

the interaction regions; (3) tllc ‘collision] of transient events (cjecta) and interaction

regions.

34 Physical Parameters of Interaction Itcgions

Interaction regions arise when fast solar wind overtakes slow wincl, The ‘collision’

between two difierent  streams implies an interchange of momentum. In principle, there
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should be a point where an equilibrium between the two streams is reached and the

interface can be approximated to a tangential discontinuity. In that case, the Rankinc-

Hugoniot relation for the normal component of momentum establish that the sum of the

dynamic pressure, plus the thermal pressure (in this case assuming that we can apply the

state equation to the solar wind and that protons ancl electrons have broadly the saxne

temperature). plus the magnetic pressure skloulcl be constant across the discontinuity:

[
111P N v; -1 2 N K ‘1’[, +  B*/(2po) ]  =  o (1)

(where Inl, is the proton mass. N is the proton density number, V~ is the solar wind

velocity normal to the interface. 1{ is the I)oltznlan:s  constant (== 1.38 x 10--23 J/ ‘K),

‘.I’P is the proton temperature and 13 is the Ina,glle,tic field magnitude). It is interesting to

colnpare the orders of magnitude of the three parameters given ty~)ical  solar wind values

at 1 AU. Taking the proton density nllrnber  as IN == 5 cn-  3 and the solar wind bulk

velocity as VT = 450 km s--l, the solar wind dynamic pressure is about 1.69 x 10-g I’a.

With the same density number and the proton  temperature as TP = 1.2 x 105 ‘K, the

solar wind thermal pressure is aboLlt  1.~~ x I ()- 11 l~a.  Finally,  taki~lg  the magnetic field

magnitude as II =-L 5 n“l’, the solar wind nlagl~etic  pressure is abo~lt 9.95 x 10-12 I’a. T’he

dy~lamic pressure is about 2 orders of magnitude larger than the thermal  ancl magnetic

pressures for typical parameters of the solar wind. ‘1’he transference of dynamic pressures

bctwccn fast and slow winds plays a predonlinallt  role in the formation and evolution of

interaction regions.

We wiH compare the bulk spcccls and pressllres (dynamic, thermal,  magnetic) of
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the fast and slow streams causing interaction regions. We will show that the ratios

of pressures (between

pattern of solar wind

fast and slow winds) vary continuously. q’his implies  that the

streams is, in general. more complex than the stable conditions

assumed by the models of corotating  flows

regions with very different characteristics.

and might explain why there are interaction

3.1. Variances in the Physical Parameter-s

To estimate the pressures ratios associated with every interaction region: (1) we

selected an interval of solar wine] data of a few hours (4-7) just before and after the

i~lteraction  region; (2) we averaged the bulk s~)ecd alld pressures of the t~vo streams;

(3) we obtained the three pressure ratios, between fast and slow wind. associated with

every interaction region: dynamic ~@n, = NfV~/NfV~,  thermal rt}t,,,  z NfT1,~/hTSrl’P,,

and nlaglletic rnl~~,  = B~/B~.  ‘1’able 1 presents the averages of bulk  speeds and pressure

ratios as detected by the four spacecraft. The second coluIn]) showx the number of

i~lteraction  regions analyzed, where, contrayy to tile analysis of the stream interfaces,

wc were able to study most of the events. The third  column shows that the bulk spcecl

average of the fast streams behind the interaction regions was much higher in I’ioneer ] 1

and Ulysses than in Voyagers 1 and 2. ‘1’he fourth colun~ll  shows that the bulk speed

average of the S1OW streams preceding the interaction regions was Inuch higher in Ulysses

and lower in Voyager 2, ‘1’hese  results are related to the chang,es i~~ the distributioll

of solar wind bulk speeds through the solar cycle that was discussed in paper 1. The

fifth column presents the average and standard deviation of the ratios of dynamic
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pressures rdv,,,.  Note  the large standard deviation associated with every average. In

many interaction regions, due to the differe~lce  in proton density, the dynamic pressure

of the slow stream was higher than the dynamic pressure of the fast stream. Ulysses

and Pioneer 11 T~—~n, are very similar, but Voyager 1 and 2 clifl’er  siglkificantly. In paper  1

we pointed out that the observations of large-scale ciyllanlics  by the two Voyagers  vary

in many aspects (e. ~~., on the average on the whole trajectory ( 1 to 5 AU) Voyager 1

detected about 1.2 interaction regions per solar rotation (27 clays) while Voyager 2

detected about 0.8 interaction regic)ns per solar rotatio~l).  Vo~rager  2 observed lowest

average values of solar wind bulk speeds associated with interaction regions.  but the

average bulk speed along the whole trajectory !vas lligller (see ‘1’able 4 in paper 1). It is

~)ossible  that these differences between t}le two Voyagers \vere  related  with the data gap

in Voyager 1 and/or transient events (e. g.. cjccta) that ~verc cictccteci  predominantly

only by OIIC spacecraft, however, this point requires further st~lciy. T1lc fourth COIUn]n

presents the average and standard deviatioll of t]lc ratios of tllernlal pressures, ]n this

case the average values obtained by the two Voya~;ers Ivcre Vcrv silllilar  anti lligllcr tha~~

the values obtained by I)ioncer 1 ] and Ulysses. }’inally,  t,llc fifth colLl~nn  presents the

average and st,anciard deviation of the ratios of ~llagnctic  ~)ressures where again the

average values obtained by Voyagers were higher t}lan the vales obtained by Ulysses ancl

]’ioneer 11.

’11
0 study in more detail the variances in the physical ~)arameters associatc(i with

the ir,lteraction  regions, k’igurcs 5, 6 alld 7 SI1OW tllc values  of these parameters against

heliocentric distance as detected by tile three  missions. Tile top panels show the bulk
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speeds of the fast and slow streams and the lower panels show the plots of the three

pressure ratios associated with every interaction region. In order to make the visual

exposure of the plots more intuitive, when the pressure value of the S1OW strealn  was

higher than the pressure value of the fast stream (r < 1) then we ‘redefined’ the pressure

ratio as: r = -- pressure slow stream  / pressure fast stream (i. e.. if r’ < 1 then r = ~ —r–l).

Figure 5 presents Voyagers observations, ‘1 ‘he top panel shows that the bulk speeds

of the fast streams causing interaction regions were very variable (see also Figure 8a, b

in pal)er 1). ‘l’he three  lower panels show clearly how the pressure ratios between fast

and S1OW streams also vary corltinuotlsly  and tllcr-e is llot a clear tendency with tile

heliocentric evolution (at least from 1 to 5 AU). In Voyager 1 observations we studiecl  15

il)teraction  regions where: about  27c/0  had r~v~l, lesser than 1; about 470/0 had ~t),er. lesser

than 1; and about 47% had r,rla~, lesser than 1. In Voyager 2 observations wc studied

10 i]]teraction rcgiolls  where: about 7070 had r~g,l. lesser than 1; about,  30~o had r~~~,,

lesser than 1; and 47’% had r,,,~~, lesser than 1. l’hmc  remarkable differences between

tile contemporary measurements by Voyagers 1 and 2 at dif[erent heliographic locations.

suggest that interaction regions at the ascc~lding phase of the cycle have very irregular

shapes and characteristics as a corlscq~lerlcc  of inhornogcncous solar wind streams.

E’igure 6 presents tllc parameters of the intcractio]l  regions detected  by Ulysses. ‘1’hc

plots show the variations in the patterns of solar wincl bulk speeds (see also l’igurc 8C

ill paper 1 ) and the pressure ratios. In UlySscs observations We stllclied 14 interaction

regions where: about 50y0 had rd~r~. and r~~~~.  lesser than 1 (always  t h a t  rdyn.  < 1,

rthc,. < ) in a one-to-one correspondence); and about 64% had r~l.g, lesser than 1. In
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this case we c]id not find a clear correlation  between r,r,.~,  and the other two pressure

ratios r~v,l,,  r~~er,.

Figure 7 shows the parameters of the interaction regions detected by Pioneer 11,

“1’he plot of bulk speeds is contrasting compared with Voyager observations, however,

tllC! pressure ratios show sil-ni]ar variations. It is interestillg  to compare E’igurc 7 wit}l

Figures 7 and 8C in paper  1. From about 2.3 to 3.2 AU ]’ionecr  11 detected a change in

the pattern of solar wind speeds and magnetic  sector-s, this period coincides with ratios

of dynamic pressures lesser than I in Figure 7. ‘I1his shows that the variances in the

ratios of pressures arc associated with temporal fl~lct~latiorls  irl the pattern of solar wind

streams. In I’ionecr  1 I observations we st~ldicd 37 interaction reg;ion where: about 499’0

hacl  r~~,,,  lesser than 1; about 37% had r~~~,.  lesser than 1; and about 48$K0 hacl r,,lag,

lesser than 1,

Figure 8 shows the histogram distribution of the bulk speeds of the fast and slow

streams associated with interaction regions as detected by the three missions. The

left-hancl of Figure 8 shows that the speed distribt~tion of tile S1OW winds  was very similar

i]) Voyagers and Pioneer 11, however, Ulysses detected faster S1OW wil~ds. The right-hand

of l(’igure  8 shows that the distribution of fast wincls of the three missions was very

clifferent. Voyagers cletected  the slower fast winds. T-Jlysses  detected a predominantly

fast stream around 650 knl/s and I’ioneer 1] SJIOWS  a disperse dist~ibutiorl  covering from

about 400 km/s to about 750 km/s.
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4. Conclusions

A summary of the results presented in the previous sections is given next. Florn

the analysis of the geometry of 38 stream i~lterfaces  wc found that:

. The interaction regions detected by Voyagers and l’ioneer 11 had broacl

distributions of latitudinal inclinations. In both missions: about 55% of their

interaction regions had an absolute latitudinal tilt ld~i  ] larger than 100and about

45yc of their interaction regions had an absolute latitudinal tilt 10,, ] lesser than

100. 011 the other hand. the interaction regions detected by Ulysses had very low

latitudinal inclinations where about,  90% of them had an absolute latitudinal tilt

10~~1 lesser than  5°.

● ‘l’he distribution of longitudillal  oriellta.tions  of the interaction regions dctectecl

by Voyagers and Ulysses were very sinlilar. In both missions: about 67% of

their interaction regions were more azimuthal oriented than the I’arker spiral

(Ad  <-- 10°) and 33% of thejr  il~teraction  regions win-c closely orientecl  along the

I’arker spiral (\A@\ < 100).

. ‘The interaction regions detected by Pioneer 11 ha,d a broad distribution of

longitudinal orientations where abollt ,K)% of them  were closely  oriented along the

Parker spiral (I A@] < 100), 20% of thelrl  Were nlore azimllthal  oriented thall  the

I’arker spiral (Ad < – 10°), and 30% of them were more radial oriented than the

Parker s~)iral  (Ad > 100).. ,, —---)
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In paper  1 wc showed that interaction regio~ls can have different wideness at about the

same heliocentric distance (Figure 10 in paper 1). ‘Tllc results presented here show that

interaction regions can have also different geonletry  (which might explain  the broad

distributions of the OB,,’s of the corotatil~g  shocks detected by Ulysses (Figures 6 ancl 9

in Gon2tilez-Espar,za  et al. [1996])). Some of these results migl)t  be associated with solar

cycle variations as the latitudinal tilts of the interaction regions detectecl by Ulysses

and I’ioneer 11, However, the diversity in the wideness ant] large-scale geometry of

stream interfaces seem to be related to fluctuations in the properties of the fast and

slow streams causing the interaction regions.

We did not find a clear tendency in the orientation of the stream interfaces to

cwolve with the heliocentric distance (from 1 to 5 AU). ‘l’he rcasoll \vas tl]at the three

missions detected several changes in the patterns of solar wind streams affecting the

solar wind large-scale dynamics (see paper I), so the variances ill the oricntat  ions were

more so related to these temporal  changes than to heliocentric effects.

Fronl the analysis of the physical parameters of the fast and s]o}v strcanls  associated

with 75 interaction regions we founcl  that:

● 111 genera], the bulk speecls of the fast streams bc]lind  the interaction regions

detected by Voyagers had much lower values than the values  detected by Ulysses

ancl I’ioneer 11. The three missions detected very cliffcrent,  distributions of this

parameter.
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. ~’he bulk speed distribution of the slow streams preceding the interaction regions

were very similar in Voyagers and l’ioneer 11 observations, but Ulysses detected

faster slow streams.

. AS a consequence of the difference in proton density, in about half of the interaction

regions detected by the t}lree  missions the dynamic pressure of the uncompressed

S1OW stream was higher than the dynamic pressure of the uncompressed fast

stream.

. “l’he three missions detected variances in the ratios of thermal and magnetic

pressures betwce~l the fast ancl slow strca~rls associateci  \vitll interaction regions.

. i~re fount] marly differences in the simultaneous measurements of solar wind

clynamics at different heliocentric locations by Voyagers 1 and 2, ‘l’his suggests

that c]uring the ascending phase of the solar cycle (arid probably  at, other  phases

too) the patterl)s  of solar wind streams arc highly inhomogeneous  producing

i~]teraction regions with irregular shapes and characteristics.

Contrary to the usual assumption that tile fast stream  has the higher  pressure we have

founci  that the ratio pressures (dynamic, thermal,  lnagneti~) between fast anti slow

winds vary continllously.  In about half of the cases tile S1OW wind transfers HIOIllC1ltUI1l

to tl)c fast wind. l’his  variability of the press~]re ratios can give US a clue to understand

why there  are very different interaction regions, why there are variations in the geometry

of the interaction regions and what are the limitations in the CIssllnlptions of the models

of corotating flows.
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Figure 1. 13xample of an interaction region detected by I’ioneer 1 I containing  a well-

defined stream interface. ‘lhe top panel shows the two polar angles of solar wind velocity

in heliospheric coordinates (~ longitudinal, O latitudinal). The mid panel shows the

discontinuity in proton density and proton temperature. The bottom  panel shows the

solar wind radial velocity and the mag]lctic field lnagIlitudc. ‘1’llc solar wind plasma data

(1 hour averages) was obtained from the NSSDC.

Figure 2. I,atitudinal  orientation of the stream interfaces fl~l detected by tile four

s~)acccxaft against heliocentric distance. W h e r e  0~1 > 0° ilIlplies that the frO1lt Of tllC

interaction region was pointing northern, d~i x 0° ilnplics  that the illteractioll region was

orthogonal to the ecliptic plane, and O~i < O“ implies that the front of the interaction

region was pointing southern.

l’igurc 3. Distribution histograms of the latitudinal oriclltat,ioll  of tile  interfaces d~i as

dctectecl  by the three missions. I’he three distribution show Clear differences that might

be rclatecl  with the solar cycle. Ulysses low f)~is mig;ht  be related to interaction regions

caused by equatorial coronal holes; }’ioncer  I I high  d~iS ]night  be associated with the tilt

solar geometry at the descending phase of the cycle.
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Figure 4. Distribution histograms of the longitudinal orientation of the stream interfaces

with respect to the l’arker spiral Aq$ as detected by the three  missions. Where A@ zx 0°

indicates that the interface was oriented along the Parker spiral, Aq$ < 0° indicates that

the illtcrface was more aiiimuthal  the Parker spiral, and Ad > O“ indicates that the

interface was oriented more radial than the I}arkcr  spiral. Voyagers and Ulysses results

arc statistically similar. Pioneer 11 S}1OWS a more diverse distribution.

F’igure  5. Physical parameters (against heliocentric clistance)  associated with the

interaction regions detected by Voyagers 1 and 2. The top panel shows the bulk spcccls of

tlie fast and slow streams causillg  illteraction  regions. 1 Iclo\v,  the pressure ratios between

t.l]c fast and slow streams (dynamic r~y,~., thermal r~h,r,, ancl magnetic r,,,~~.  ). In order to

facilitate the visual comparison, when the pressure of the  S1OW stream was higher than

the pressure of the fast stream (r < 1 ) thcll  wc redefined t,hc ratio as r =- -- (pressure

S1 OW wind/ pressure fast wind). ‘1’he plots  ShOW continual variations ill the properties of

tl]c  fast aIld slow winds causing interaction regions.

Figure 6. 1 ‘hysical parameters associated with the interaction regions detcctccl  by

Ulysses. ‘J’he plots are presented with the sa~ne format of E’igurc 5.

It’igure 7. Physical parameters associated with the intcractioll  regions detected by

l’ionccr 11. ‘l’he plots are presented with tile same forlnat  of I~igure  5. ‘1’he variations

detected from about 2.5 to 3.2 AU were associated with  changes in the pattern of solar

wind streams and magnetic sectors (Figures 7 and 8e in paper 1).



]rigurc! 8. I]ulk speed distribution histograms of the (a) S1OIV  ancl (b)  fast so]ar  wind

streams causing interaction regions as detected by t,llc three missions. l’he distribution

of S1OW winds was very similar irl Voyagers and Pioneer  I I observations, but Ulysses

dctc~ted  faster S1OW winds. q’he distribLltiolls  of fast winds were very different in the

three  missions.
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Table  1. Comparison of physical parameters of the fast and slow solar wind streams

causing interaction regions as observccl  by the four spacecraft,.

. . — .————  ——. —

Spacecraft No. V;
——.  -

Voyager 1 15 495 knl/s

Voyager 2 10 472 klI1/s

Ulysses 14 574 knl/s

Pioneer 11 36 592 klm/s

. . ..— —

v; ~(fyn.

371 km/s 1.64  1.1

342 knl/s 0.9:1” 0.8

412 kn]/s 1.13 .0.9

386 km/s 1.15 0 .8

~ther.

2.53. 2.8

2.6 + 2.6

1.5 +-1.6

1.8 +:1.8

I-. -—
rrmg,

Z.() + 2.()

1.7+ 1.6

1.2 +1.4

1.6+ 1.6

t Second column: number of interaction regions analyzecl  for each spacecraft. ‘1’hircl

columII:  average of bulk speed  of the fast, st,rea~ns  behind  t}le interaction regions. Fourth

column: average of bulk speed of the slow streams precedil~g  the interaction] regions. Fifth

column: average and standard dcwiation  of tile  ratios of dynanlic  pressures between fast

and slow streams. Sixth columIl: average and sta~ldard deviation  of the ratios of thermal

pressures. Seventh column: average and stanc]ard dcviatio]l of the ratios of magnetic

pressures.
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